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Self-tolerance imposition requires the presentation of self-antigens by a variety of thymic antigen-presenting
cells. In this issue of Immunity, Perry et al. (2014) reveal unidirectional self-antigen transfer from medullary
thymic epithelial cells to dendritic cells as an essential aspect.T cell tolerance in the thymus plays
a central role in establishing self-nonself
discrimination of the adaptive immune
response. It operates via two comple-
mentary modes: the deletion of overtly
self-reactive T cells and the induction
of regulatory T (Treg) cells. In the course
of tolerance induction, the randomly
generated array of antigen-specific T cell
receptors (TCRs) of the nascent T cell
repertoire is probed against a myriad
of self-antigens (i.e., self-peptide-MHC
complexes) displayed by a diverse set
of antigen-presenting cells (APCs) of
hematopoietic (dendritic cells [DCs], B
cells, and macrophages) and endodermal
(cortical and medullary thymic epithelial
cells [cTECs and mTECs]) lineage. This
thymic APC set encompasses essentially
the major APC types of the body. This
remarkable complexity obviously begs
the question why this diversity in the first
place?Does eachAPC lineage and subset
thereof play a distinct or partly nonredun-
dant role in contributing to the full scope
of self-antigens or is there redundancy or
even cooperation between the different
APC types? Is there a division of labor
with regard to the different modes of toler-
ance induction, i.e., are there APCs solely
dedicated to either deletion or Treg cell in-
duction (for review, see Klein et al., 2014)?
In this issue of Immunity, Perry et al.
(2014) address several of these relevant
issues and provide intriguing insights
by using a powerful and elegant combi-
nation of methods. The polyclonal T cell
repertoire was characterized by deep
sequencing in a fixed TCRb chain model
comparing genetically modified mice
with selective reduction of major histo-
compatibility complex class II (MHCII)
molecule expression on mTECs or com-
plete ablation of MHCII on bone marrow(BM)-derived APCs, deletion of the auto-
immune regulator Aire, or eliminating DC
subsets. Importantly, the results obtained
at the polyclonal TCR level were verified
by tracking the developmental fate
of sets of individual TCRs chosen from
selected thymocyte pools under prede-
fined conditions. While this study with
its emphasis on the generation of the
Treg cell repertoire focused on selection
events in the thymic medulla, it is worth
noting that the cortex also plays an
important role in tolerance induction
(Klein et al., 2014). The main results can
be summarized as follows: (1) mTECs
and BM APCs play redundant roles with
respect to autoreactive T cell deletion
and Treg cell induction, but nonredundant
roles with respect to the shaped T cell
repertoire via each tolerance mode, (2)
Aire shapes the Treg cell TCR repertoire
at the polyclonal stage, (3) the unidirec-
tional transfer of self-antigens from
mTECs to BM APCs plays an essential
role in tolerance imposition of the poly-
clonal TCR repertoire, and (4) among
thymic DCs the CD8a+SIRPa subset
mediates selection of Treg cells specific
for Aire-dependent antigens.
We will discuss here how these various
findings and their ramifications comple-
ment and correct our current views of cen-
tral tolerance.While several recent studies
agreed on the fact that there is no APC
type specifically dedicated to either medi-
ating negative selection or inducing Treg
cells, the respective quantitative or quali-
tative contributions of each APC lineage
or subset remains controversial (Cowan
et al., 2013). By assessing the TCR
repertoire size and composition via deep
sequencing rather than merely measuring
the overall frequency of CD4+ single-pos-
itive thymocytes, this study confirms thatImmunity 41, Seboth BM APCs and mTECs clearly
contribute to these processes albeit with
a notable preponderance of BM APCs
in mediating negative selection (of both
conventional T cells and Treg cells) and
in promoting Treg cell induction. Yet, this
quantitative comparison is confounded
by comparing the complete ablation of
MHCII on BM APCs with a reduction of
only about 90%onmTECs, a shortcoming
that results from the current lack ofmTEC-
specific targeting strategies. As already
pointed out by Hinterberger et al. (2010),
the C2TAkd strain is bound to underesti-
mate the full contribution of mTECs to
deletion and Treg cell induction. Taking
this asymmetry into account, mTECs and
BMAPCs seem to partition their tolerance
labor fairly equally (Figure 1).
The strategy to ascribe a functional role
to either APC type by a lineage-specific
deletion approach is further confounded
by two issues. First, intact peptide-MHCII
complexes can be transferred from
mTECs to MHCII-negative DCs, which
then still could mediate tolerance, a sce-
nario that canbecircumventedbyablating
the DC lineage in vivo. Second, ablating
MHCII expression on DCs (or mTECs for
that matter) will reduce the overall niche
size for inducing tolerance in the CD4+
T cell compartment and thus shift the
whole tolerance burden onto mTECs.
This could possibly reduce the autono-
mous execution of negative selection or
induction of Treg cells of certain TCRs by
mTECs due to overcrowding of the re-
maining tolerance niche. Notwithstanding
these more arcane caveats, the study
leaves us with the picture that everybody
can do everything reasonably well.
Another vexing issue—now settled
by this study—has been the imprint
of Aire-dependent self-antigens on theptember 18, 2014 ª2014 Elsevier Inc. 343
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Figure 1. Self-Tolerance Induction by APCs in the Thymic Medulla: Self-Reliance versus
Cooperation
mTECs and DCs are the twomajor APC types in the thymic medulla mediating self-tolerance via recessive
(negative selection) and dominant (Treg cell induction) modes. Both APC lineages present their idiosyn-
cratic sets of self-peptides but also share self-antigens via a unidirectional transfer of self-constituents
from mTECs (nucleus-, cytoplasm-, mitochondria-, and membrane-derived) to DCs. The pool of trans-
ferred antigens includes a diverse set of promiscuously expressed tissue-restricted self-antigens
(TRAs), which partition into Aire-dependent and Aire-independent antigens. While both APC lineages
contribute to deletion and Treg cell selection, their tolerogenic imprint on the respective TCR repertoire
composition is different. Surprisingly, mTECs and DCs contribute roughly equally to Treg cell induction
against Aire-dependent (i.e., mTEC-derived) antigens, demonstrating for the first time an essential and
substantial physiological role of this intercellular antigen flow in a polyclonal TCR setting. This study
also insinuates that different subsets of DCs capture different categories of self-antigens, e.g., CD8a+ con-
ventional DCs preferentially Aire dependent, while plasmocytoid DCs seem exempt from this antigen
handover. The TCR repertoires of Treg cells induced by mTECs or DCs are largely nonoverlapping, but
may also share some specificities as symbolized by the colored pie charts.
Immunity
Previewspolyclonal Treg cell repertoire. Soon after
the discovery of Aire’s role in promiscu-
ous expression of tissue-restricted self-
antigens in mTECs in 2002 (for review,
seeMathis and Benoist, 2009), the impact
of Aire on negative selection had been
reported (Liston et al., 2003). In contrast,
its role in shaping the Treg cell repertoire
remained contentious mainly based on
the argument that the frequency of Treg
cells is only marginally (if at all) affected
by deletion of Aire (Mathis and Benoist,
2009). Remarkably, it took more than a
decade before it was formally proven in
a TCR transgene model that endogenous
Aire-dependent self-antigens induce anti-
gen-specific Treg cells (Malchow et al.,
2013). The study by Perry et al. (2014)
now extends this pivotal finding to the
polyclonal T cell repertoire.
While the formal demonstration that
Aire impinges on negative selection and344 Immunity 41, September 18, 2014 ª2014induction of Treg cells was not too sur-
prising (after all, Aire-dependent antigens
are structurally not different from other
self-antigens expressed by mTECs), the
finding that these effects are to a large
if not major part mediated via BM
APCs rather than mTECs themselves
was somewhat unexpected. Aire expres-
sion is by and large restricted to mTECs
and by implication any effect of Aire-
dependent antigens on the function of
BM APCs involves intercellular antigen
transfer. Several possible reasons for
this antigen transfer come to mind. Anti-
gen transfer from radio-resistant thymic
stromal cells (i.e., TECs) to BM APCs, first
reported 20 years ago, had been specu-
lated to increase the efficacy of tolerance
induction by amplifying the number of
APCs presenting TEC-derived antigens
(Humblet et al., 1994). Today this explana-
tion is all the more plausible, sinceElsevier Inc.promiscuous gene expression occurs
in a mosaic pattern, i.e., each tissue-
restricted antigen is expressed in only
1%–3% of all mTECs at a given time,
and this low frequency by itself may actu-
ally not suffice for efficient tolerance
induction (Tykocinski et al., 2008). DCs
might also step in, when self-antigens
cannot be autonomously presented by
mTECs, e.g., because they lack access
to the macro-autophagy or endocytosis
pathways. The avidity model of T cell se-
lectionmight offer yet another explanation
for antigen hand-over. Antigen transfer is
likely to result in a dilution effect leading
to reduced epitope density on DCs and
this might favor Treg cell development
over deletion, since Treg cell induction
supposedly operates on the lower affinity
range of negative selection. This scenario
is somewhat analogous to the shift
from deletion to Treg cell induction as
observed by specifically lowering the
MHCII expression on mTECs (Hinter-
berger et al., 2010). Thus, it is conceivable
that the same antigen copresented by
mTECs and DCs could coinduce negative
selection and Treg cell development,
respectively. As a note of caution, the
effects of Aire in this study have been
interpreted only in the context of its role
in promiscuous gene expression. Yet it
is by now clear that Aire affects other as-
pects of mTEC biology, e.g., the recruit-
ment of DCs to the central medulla, which
may also indirectly impinge on the devel-
opmental fate of particular T cell clones.
Last, Perry et al. (2014) went on to
show that antigen transfer is targeted
to conventional thymic DCs with a
preference for the CD8a+SIRPa over
the CD8aSIRPa+ subset. Interestingly
pDCs apparently do not play a role in
Treg cell selection by mTEC-derived anti-
gens in agreement with the lack of transfer
of model antigens to pDCs in situ (Klein
et al., 2014). Whether the differential anti-
gen capture by the three thymic DC sub-
sets is a matter of their spatial distribution
in relation to mTECs and/or cell-intrinsic
properties remains to be shown. In
this context it is not quite obvious why
BATF3+ (i.e., CD8a+SIRPa) DCs should
specifically capture Aire-dependent anti-
gens (a conclusion so far based on the
analysis of eight TCRs), since Aire-depen-
dent and -independent antigens are coex-
pressed by the same mTECs (Derbinski
et al., 2008).
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PreviewsIn their study Perry et al. (2014) judi-
ciously summoned up an assembly of
highly informative and complementary
methods, which allowed them to clear
up some smoldering and contentious
issues surrounding thymic tolerance in-
duction. At the same time they made
important and surprising observations.
The generous sharing by mTECs of their
most precious asset, the promiscuously
expressed self-antigen pool, with their
DC neighbors and its essential role
in shaping the Treg cell repertoire, is
perhaps the most intriguing and provoca-
tive discovery. Finding out the raison
d’eˆtre and the cellular and molecular un-
derpinning of this remarkable cellularcooperation should prove both chal-
lenging and rewarding.REFERENCES
Cowan, J.E., Parnell, S.M., Nakamura, K., Caa-
mano, J.H., Lane, P.J.L., Jenkinson, E.J., Jenkin-
son, W.E., and Anderson, G. (2013). J. Exp. Med.
210, 675–681.
Derbinski, J., Pinto, S., Ro¨sch, S., Hexel, K., and
Kyewski, B. (2008). Proc. Natl. Acad. Sci. USA
105, 657–662.
Hinterberger, M., Aichinger, M., Prazeres da
Costa, O., Voehringer, D., Hoffmann, R., and Klein,
L. (2010). Nat. Immunol. 11, 512–519.
Humblet, C., Rudensky, A.Y., and Kyewski, B.
(1994). Int. Immunol. 6, 1949–1958.Immunity 41, SeKlein, L., Kyewski, B., Allen, P.M., and Hogquist,
K.A. (2014). Nat. Rev. Immunol. 14, 377–391.
Liston, A., Lesage, S., Wilson, J., Peltonen, L., and
Goodnow, C.C. (2003). Nat. Immunol. 4, 350–354.
Malchow, S., Leventhal, D.S., Nishi, S., Fischer,
B.I., Shen, L., Paner, G.P., Amit, A.S., Kang, C.,
Geddes, J.E., Allison, J.P., et al. (2013). Science
339, 1219–1224.
Mathis, D., and Benoist, C. (2009). Annu. Rev.
Immunol. 27, 287–312.
Perry, J.S.A., Lio, C.-W.J., Kau, A.L., Nutsch, K.,
Yang, Z., Gordon, J.I., Murphy, K.M., and Hsieh,
C.-S. (2014). Immunity 41, this issue, 414–426.
Tykocinski, L.O., Sinemus, A., and Kyewski, B.
(2008). Ann. N Y Acad. Sci. 1143, 105–122.Targeting Foxp1 for Reinstating
Anticancer ImmunosurveillanceLaurence Zitvogel1,2,3,4,* and Guido Kroemer1,5,6,7,8
1Gustave Roussy Cancer Campus, Villejuif, France
2INSERM U1015, Villejuif, France
3Universite´ Paris Sud-XI, Faculte´ de Me´decine, Le Kremlin Biceˆtre, France
4Center of Clinical Investigations in Biotherapies of Cancer (CICBT) 507, Villejuif, France
5Universite´ Paris Descartes, Sorbonne Paris Cite´, Paris, France
6Metabolomics and Cell Biology Platforms, Gustave Roussy, Villejuif, France
7Equipe 11 labellise´e Ligue contre le Cancer, Centre de Recherche des Cordeliers, INSERM U 1138, Paris, France
8Poˆle de Biologie, Hoˆpital Europe´en Georges Pompidou, AP-HP, Paris, France
*Correspondence: laurence.zitvogel@gustaveroussy.fr
http://dx.doi.org/10.1016/j.immuni.2014.09.001
Transforming growth factor b (TGF-b) is a canonical immunosuppressive cytokine secreted by tumors. In this
issue of Immunity, Stephen et al. (2014) reveal that tumor-derived TGF-b deactivates antitumor CD8+ T cell
responses through T cell upregulation of the FoxP1 transcription factor.Transforming growth factor b (TGF-b) is
well known for favoring tissue invasion
and metastasis. Within tumors, it can be
produced by multiple cell types including
cancer cells themselves, dendritic cells
(DCs), regulatory T (Treg) cells, and con-
ventional T lymphocytes. TGF-b inhibits
innate immunity through several mecha-
nisms. Under the influence of TGF-b, neu-
trophils and macrophages convert from
the N1 and M1 to the N2 and M2 pheno-
types, respectively, becoming less cyto-
toxic and downregulating NF-kB activity.
DCs exposed to TGF-b acquire a tolero-
genic phenotype, contributing to Tregcell expansion. TGF-b also downregu-
lates NKp30 and NKG2D-dependent
effector functions, thereby reducing the
capacity of NK cells to secrete inter-
feron-g (IFN-g) and to kill target cells.
TGF-b also affects the adaptive arm of
anticancer immunity, by influencing the
survival, differentiation, proliferation, and
apoptosis of most T cell subsets. Indeed,
TGF-b promotes the differentiation of
inducible Treg cells and the maintenance
of natural Treg cells. TGF-b inhibits inter-
feron-g (IFN-g) and T-bet expression by
T helper 1 (Th1) cells and induces a shift
toward a Th2 or Th17 differentiation state.Finally, short-lived effector T cells residing
in tumor beds are particularly susceptible
to TGF-b-induced apoptosis (Flavell et al.,
2010).
In spite of this wealth of information, the
precise molecular mechanisms account-
ing for the immunosuppressive effects of
TGF-b signaling in growing tumors have
remained elusive apart from the fact
that, downstream of TGF-b receptor
signaling, the transcription factor Smad3
participates in interleukin-2 (IL-2)-depen-
dent and independent T cell repression
(McKarns et al., 2004). In this issue of
Immunity, Stephen et al. (2014) identifiedptember 18, 2014 ª2014 Elsevier Inc. 345
